Introduction
For some patients with human immunodeficiency virus (HIV) viral ribonucleic acid (RNA) is at higher levels in cerebrospinal fluid (CSF) than plasma [1, 2] . This phenomenon, termed CSF/plasma discordance, can occur in approximately 10% of individuals with HIV undergoing a lumbar puncture in clinical practice [1] [2] [3] [4] . The causes and clinical significance of discordance remain to be determined. Whilst CSF/plasma discordance has been associated with fulminant central nervous system (CNS) diseases in case series, these appear to be uncommon in clinical practice [5, 6] . Moreover, the association of CSF/plasma discordance with cognitive impairment in antiretroviral therapy (ART) treated cohorts is not clear [7] [8] [9] . The pathophysiological processes underlying discordance are also not clear, in particular it is not known if CSF/plasma discordance is associated with an up-regulation in the host inflammatory response and at what level of discordance this occurs. Previous studies have identified up-regulation of several cytokines and associated mediators in patients with cognitive decline although this has not been investigated in discordance [10, 11] .
There is currently no consensus on the degree of discordance between CSF and plasma HIV-1 RNA that should be considered clinically significant. Some studies have defined discordance as CSF HIV-1 RNA 1log 10 greater than the corresponding plasma sample [5] , whilst others have used a lower cut off of 0.5log 10 [1] . In those with unquantifiable HIV-1 RNA in plasma (typically <40 or <50 copies/ml) some studies have described the detection of CSF virus at any level above this detection limit as being significant (termed ''CSF viral escape") [2] , while others have excluded those with CSF HIV-1 RNA below 200 copies/ml [1, 5] . This has led to difficulties comparing studies as well as confusion in clinical practice as to what cut-off to use.
Sensitive testing can now detect HIV-1 RNA below the traditional threshold of 40 or 50 copies/ml. A proportion of patients have CSF/plasma discordance detected on these assays that would not otherwise be classified as discordant if tested with standard assays [3, 12] . The source and significance of CSF/plasma discordance at this low level remains controversial [13, 14] . Such sensitive testing is currently only available as a research tool, however assays with a lower limit of quantification of 20 copies/ml are now being used routinely in many clinical centres and consequently CSF/plasma discordance below 50 copies/ml is an increasingly recognised phenomenon in clinical practice.
This nested case-control study aimed to assess whether CSF/plasma discordance was associated with cytokines, chemokines and accompanying mediators in the CSF, when compared with non-discordant samples. Furthermore we aimed to examine the relationship between CSF mediator profile and degree of CSF/plasma discordance to determine whether discordance at lower levels (ie levels that have been excluded in some published studies) are associated with potentially damaging CNS inflammation.
Methods

Study population
Patients were recruited prospectively through the PARTITION study, which is a multicentre UK study described elsewhere [15] . HIV-1 positive ART treated adults were recruited in two groups: 113 patients undergoing lumbar puncture for a clinical indication of which 92 (81%) had no evidence of CNS infection (clinical group), and 40 patients undergoing research lumbar puncture to investigate intermittent or persistent plasma HIV-1 RNA detection (low level viraemia (LLV) group). In this group median HIV-1 RNA levels during viraemic episodes was 92 copies/ml (IQR 59, 179). A randomly selected subgroup with unquantifiable plasma HIV-1 RNA on the standard testing (ie. <40 copies/ml) underwent sensitive HIV-1 RNA detection with a modified Abbott assay with a lower limit of detection of 1-10 copies/ml dependent on volume tested [15] .
Patients in the LLV group underwent a brief cognitive screen using the International HIV Dementia scale [16] , and were assessed for symptoms of cognitive impairment using the three standard questions described by Simioni et al. [17] . A score of less than ten on the HIV dementia scale was considered abnormal and a patients were considered to have cognitive symptoms when answering ''yes, definitely" on at least one of the three questions.
Laboratory assessment
CSF cell count, protein and glucose measurements, microbiological investigations, and CD4 cell counts were performed by routine methods at the centres of care. As lumbar puncture was performed for research purposes in the LLV group, local CSF testing was only performed in this group if considered clinically indicated by the treating physician. HIV-1 RNA was measured centrally in simultaneous plasma and CSF samples by the Abbott RealTime HIV-1 assay (Maidenhead, UK) with a lower limit of quantification of 40 copies/ ml, as previously described [18] .
Selection criteria
Discordant samples were selected from the clinical and LLV groups. In the clinical group patients with CNS infection were excluded. Discordance was defined as CSF HIV-1 RNA >0.5log 10 times that measured in a simultaneous plasma sample. In those with unquantifiable plasma HIV-1 RNA, discordance was defined as a CSF HIV-1 RNA >0.5log 10 times the lower limit of assay quantification (ie. 40 copies/ml). Samples were categorised as ''high discordance" if CSF HIV-1 RNA was >1log 10 times that of plasma and ''low discordance" if the ratio was 0.5-1log 10 . Samples with discordance only detected on sensitive assay were termed 'ultrasensitive discordance' and analysed within the low discordant group.
For controls, we screened all participants in the PARTITION study who did not have discordance, and selected those with a plasma HIV-1 RNA which most closely matched that of samples with discordance. Those with the lowest CSF HIV-1 RNA were selected.
CSF viral escape was defined as plasma HIV-1 RNA less than the lower limit of quantification for the standard assay (ie 40 copies/ ml), and CSF P40 copies/ml.
Measurement of mediators
CSF was collected at recruitment and centrifuged to remove cells. Samples were stored at À70°C and freeze thaw cycles minimised. Thirty-seven mediators (cytokines, chemokines and associated mediators) were assessed using a cytometric bead array assay system in accordance with the manufacturers' instructions (Procarta Ò Immunoassay kit, Panomic Solutions, Affymetrix . Standards and samples were analysed in duplicate and the mean value used in analysis. Standard curves were adjusted at the points of fluorescence intensity saturation, to generate a sigmoid standard curve with 6-8 fluorescence intensity points. To avoid undetectable levels of mediators or missing data biasing the analysis, only mediators that were detected in at least 80% of the cohort were included in the analyses [19, 20] .
Univariate statistical analysis
Clinical and demographic variables were compared by the Mann-Whitney U test if continuous and by Chi squared or Fisher's exact test if categorical. Median concentrations between groups were compared with the Mann-Whitney U test. Within cases, individual CSF mediator concentrations were correlated with CSF HIV-1 RNA using Spearman's r.
Two-way unsupervised multivariate analysis
CSF mediators significantly (p < 0.05) associated with CSF/plasma discordance in univariate analysis were included in a 2-way unsupervised hierarchical cluster analysis based on the patterns of relative mediator concentrations. This offered an opportunity to examine the interactions of mediators and allow samples to be classified by their overall host mediator response. Samples and then mediators were hierarchically clustered using the program Cluster (version 3.0), using the uncentered correlation score as the similarity metric and the average branch linkage method. Results were viewed as heat-maps using Tree View software (http://rana.lbl.gov/EisenSoftware.htm) as described previously [19, 21] .
Results
Subject characteristics
Of 153 patients recruited in PARTITION, 40 CSF samples were analysed by cytometric bead array. Nineteen episodes of CSF/plasma discordance were identified in 18 patients (one subject had two discordant results in CSF collected at an interval of more than two years). Eleven (58%) had high discordance and eight (42%) had low discordance; of which three had ultrasensitive discordance -plasma/CSF HIV-1 RNA 4/40, <7/74 and <10/51 copies/ml (Fig. 1 ). Median HIV-1 RNA in plasma was <40 copies/ ml (IQR <40, 52) and in CSF was median 422 copies/ml (IQR 138, 1981) . Twenty-one non-discordant samples in 21 patients were selected, matched for plasma HIV-1 RNA. Nineteen (90%) had CSF HIV-1 RNA <40 copies/ml. Twelve (57%) had low CSF HIV-1 RNA demonstrated on sensitive assay; median <7 copies/ml (IQR <3, <7) Two samples had CSF detection not meeting criteria for discordance (plasma/CSF HIV-1 RNA <40/69 and 135/64 copies/ml (Fig. 2) .
Demographic, clinical and laboratory parameters were similar between discordant and non-discordant samples although discordant patients tended to have a lower nadir CD4 ( Table 1 ). Two of eight discordant patients in the LLV group had cognitive symptoms, one of which had an abnormal HIV dementia scale result. Three non-discordant patients in the LLV group had cognitive symptoms, none of which had abnormal HIV dementia scale results. Median CSF white cell count in the discordant group was 4 cells/ll (IQR <1, 17) and in the non-discordant group was <1 cell/ll (IQR <1, 1), p = 0.003. CSF white cell count was measured in 15 discordant samples, of which eight (53%) had <5 cells/ll (ie. at a level commonly considered to be normal in clinical practice) and five (33%) had <1 cell/ll. All samples in the non-discordant group had <5 cells/ll and 14 (74%) had <1 cell/ll.
Univariate analysis of CSF mediators
In over 80% of samples the following mediators had measurements at or below the lower limit of quantification and hence were excluded from further analysis: GCSF, GM-CSF, IFNa2, IFNb, IL17a, IL17f, IL2, IL4, TNFa, VEGFa, MMP1, 3, 8, 9, 12 and 13. Nineteen (90%) of the remaining 21 CSF mediators were significantly higher in discordant than non-discordant samples (Table 2 ). This included interleukins IL-1a/b, IL-6, IL-8 and IL-10, the chemotactic CC chemokines CCL3, 4 and 5, the TNFa related proteins TNFR1, TNFR2 and TRAIL and adhesion molecules VCAM and ICAM. There were no significant differences between CSF mediator concentrations in samples with high versus low discordance (Table 2 ). There was a significant correlation between mediator concentrations and CSF HIV-1 RNA for nine mediators (Table 2) ; this was strongest for CXCL10, CCL3, VCAM and TNFR2 (Fig. 3) .
Multivariate cluster analysis
The samples grouped into two main clusters based on relative mediator concentrations; cluster one with higher concentrations Non-discordant samples (n=21)
Discordant samples (n=19)
Low discordance (ie. Excluded in some studies)
High discordance: >1log 10 on standard assay (n=11) 0.5-1log 10 on standard assay (n=5)
Ultrasensitive discordance: >0.5log 10 on sensitive assay (n=3) Fig. 1 . Flow-chart of groups described in analysis. Fig. 2 . HIV-1 RNA in plasma and CSF in discordant (disc) and non-discordant (nondisc) groups.
and cluster two with lower concentrations (Fig. 4) . Cluster one contained 21 samples, of which 18 (86%) were discordant. Cluster two contained 19 samples of which 18 (95%) were non-discordant (p < 0.0001). Grouped in cluster one were all samples with CSF HIV-1 RNA >1log 10 plasma, all with CSF HIV-1 RNA 0.5-1log 10 plasma, and two of the three with ultrasensitive discordance. The single discordant sample in cluster two had ultrasensitive discordance (Plasma HIV-1 RNA <7 copies/ml, CSF 74). Two of the three samples with CSF viral escape not meeting criteria for CSF/plasma discordance were in cluster two. The 19 CSF mediators that were found to be significantly up-regulated in discordant samples in the univariate analysis Nineteen of 21 CSF mediators were significantly (p < 0.05) higher in discordant than non-discordant subject in univariate analysis. There were no significant differences between CSF mediator concentrations in samples with high (CSF HIV-1 RNA >1log 10 plasma) versus low (0.5-1log 10 plasma or ultrasensitive discordance) discordance (Table 2) . Nine CSF mediator concentrations correlated with CSF HIV-1 RNA. CSF, cerebrospinal fluid; RNA, ribonucleic acid. Values are median pg/ll (IQR). P values are by Mann-Whitney-U or Spearman r correlation. Fig. 3 . Relationship of CXCL10, CCL3, VCAM and TNFR2 concentration between groups. CXCL10, CCL3, VCAM and TNFR2 concentration (Fig. 1a-d respectively) were significantly higher in discordant versus non-discordant samples. No significant differences were observed between samples with high (CSF >1log 10 plasma) versus low (CSF 0.5-1log 10 plasma or ultrasensitive discordance) degrees of discordance. Samples with ultrasensitive discordance are represented with an open circle. Mediator concentrations correlated with CSF HIV-1 RNA (Fig. 1e-h ). Non-disc, non-discordant; Low-disc, low-discordant; High-disc, high-discordant; ns, not significant; CXCL10, inducible protein 10; VCAM, vascular cell adhesion molecule; CCL3, monocyte inflammatory protein 1a; TNFR2, tumour necrosis factor receptor 2.
clustered into two main sets (Fig. 4) . The first set included IL1b, IL6, IL10, TRAIL and MPO; the second set included TGFb, CCL3, CCL4, CXCL10, IL1a, IL8, VCAM, ICAM, IFNc, TNFRI and II. Three mediators (IL1RA, CCL5 and MMP2) were outlying these sets.
Discussion
In patients receiving ART, the clinical significance of CSF/plasma HIV-1 RNA discordance is poorly understood, and the relevance of low levels of discordance has not been assessed. This study found that CSF/plasma discordance was associated with the increased expression of host inflammatory mediators in the CSF in comparison to non-discordant patients. Moreover, there was no significant difference in the concentration of these mediators between patients with high and low level discordance. In addition, the mediator profiles clustered cases with both high and low discordance together and were distinct from the non-discordant patients. Taken together these findings suggest that discordance of HIV is the CSF is associated with a potentially deleterious host inflammatory response and may therefore be of significance, and that this may have implications for patients even with low levels of discordance. Longitudinal studies assessing these mediators and CSF HIV-1 RNA in conjunction with clinical outcomes are needed to better elucidate the temporal relationship between discordance, host inflammatory response, and clinical outcomes. In addition, more work is needed to examine whether discordance could be a result of an inflammatory process, rather than the cause of it.
Whether the neuroinflammation observed in association with discordance led to adverse clinical outcomes in this study is not clear. Neurological symptoms occurred both in those with and without discordance in both groups. Just one patient in the LLV group had an abnormal cognitive screen, however this is an insensitive test for milder forms of cognitive impairment. Cognitive function in HIV positive cohorts is highly variable and impairment is multifactorial, hence to identify insidious neurological damage related to long-term low-grade neuroinflammation would require larger cohorts and more detailed cognitive testing than was performed in our study [22] . In other studies raised CSF concentrations of many of these mediators have been shown to correlate with HIV-associated neurocognitive disorders, although most studies were in the pre/early-combination ART era. This subject has been reviewed extensively by Brew and Letendre [7] . So far no single mediator has been shown to have a sufficiently strong correlation with cognitive status to be a clinically useful biomarker and a combination of biomarkers may be more useful [10] .
Surprisingly we did not find an association of CCL2 (MCP-1) with discordance. This chemokine is associated with chemotaxis of monocytes across the blood-brain barrier and has been associated with cognitive impairment in HIV positive populations in the pre and post-combination ART era [23] . The reasons why we found no association are unclear, but in one study higher concentrations of CCL2 were associated with both better and worse cognitive outcomes dependent on the relative concentration of other mediators, including TNFRII, and additional parameters, including nadir CD4 [10] , highlighting the complex interaction of the host inflammatory response and other viral and host factors. We also expected to see an association of discordance with TNFa as CSF levels have been associated with brain injury and TNFa mRNA levels are elevated in the brain tissue of cognitively impaired HIV infected patients [24] . >80% of TNFa measurements were below the limit of quantification in our analysis, however levels of all three closely related proteins TNFR1, 2 and TRAIL were associated with discordance. CSF pleocytosis was more frequent in the discordant group, consistent with the hypothesis that discordance is associated with CNS inflammation. Of note half did not have a CSF pleocytosis and a third had no measurable white cells in CSF, suggesting that CSF white cell count alone may not be a sensitive biomarker of neuroinflammation.
Samples with higher degrees of CSF/plasma discordance tended to have higher CSF mediator concentrations. This effect was not strong and the difference between low and high discordant groups Fig. 4 . A heat map displaying the relative concentration of 19 mediators in samples with and without CSF/plasma discordance. Samples and mediators were organised via an unsupervised hierarchical clustering algorithm along the horizontal and vertical axes respectively. Twenty-one samples without discordance are labeled on the x-axis with the symbol ''o". Nineteen samples with discordance are indicated by the symbol ''+"; discordant samples with CSF HIV-1 RNA >1log 10 plasma are labeled ''+++" (n = 11), CSF 0.5-1log 10 plasma are labeled ''++" (n = 5) and those with ultrasensitive discordance are labeled ''+" (n = 3). Tile colour indicates relative mediator concentration: red, increased; green, decreased; black, at median concentration (for the samples). On the horizontal axis the samples segregated into two main clusters, cluster one and two, corresponding significantly to discordant and non-discordant samples respectively (p < 0.0001). Grouped in cluster one were all samples with CSF HIV-1 RNA >1log 10 plasma, all with CSF HIV-1 RNA 0.5-1log 10 plasma, and two of the three with ultrasensitive discordance. One subject with ultrasensitive discordance (CSF HIV-1 RNA 74, plasma <7 copies/ml) was grouped in cluster two. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
was not statistically significant for any single mediator. This is consistent with data from the CNS HIV Antiretroviral Therapy Effects Research (CHARTER) study, the largest cohort in this area, which found that although the absolute level of CSF HIV-1 RNA was not related to cognitive performance, the presence of discordant virus was [3] .
When taken together the majority of samples with low CSF discordance had raised CSF mediator concentrations clustered in a similar pattern to those with high discordance. Only one low discordant subject had low CSF mediator concentrations and was grouped with the non-discordant cluster. Our data suggests that the criteria for CSF/plasma discordance used in some studies (ie. those excluding patients with <1log 10 difference and/or <200 copies/ml in CSF) may risk type two error, and the use of these criteria in clinical practice risks missing patients with a potentially significant host inflammatory response [1, 5] . Our data suggest that the lower cut-off of 0.5log 10 should be considered. This is consistent with our previous work demonstrating drugresistant HIV-1 in CSF in patients with 0.5-1log 10 discordance and <200 copies/ml in CSF [15] .
Reports have suggested that CSF HIV-1 RNA detection at levels below 50 copies/ml may be associated with cognitive impairment [3, 12] . In this study, two of the three samples with ultrasensitive discordance had raised CSF mediator profiles grouped with other discordant samples. Although the numbers are small, our data support the MIND exchange consensus report recommendations that sensitive HIV-1 RNA testing should be considered in those with neurological or cognitive symptoms and less than 50 copies/ml in CSF and plasma [14] . Samples with CSF viral escape not meeting criteria for CSF/plasma discordance did not consistently have raised CSF mediator profiles. The definition of CSF viral escape could theoretically include a subject with 41 copies/ml in CSF and 39 copies/ml in plasma; such differences are likely to represent random biological and statistical variation or limitations of the assay, rather than CNS compartmentalised virus [25] . Of note, CSF viral escape has not been associated with cognitive impairment in large cross sectional studies [4, 26] . Although confirmation in larger cohorts is needed, our data suggest that patients with CSF viral escape at levels not meeting criteria for CSF/plasma discordance should be considered for sensitive testing in plasma to determine the true extent of discordance between the two compartments.
Some studies have demonstrated no association between CSF HIV-1 RNA levels and cognitive performance [27] . This may be due to the multifactorial nature of cognitive impairment in HIV rather than indicating that CSF HIV-1 detection does not have potential consequences for the brain [22] . Our data demonstrate that CSF/plasma discordance is associated with host inflammatory mediators in the CSF and support performing CSF HIV-1 RNA quantification in clinical practice. Of note the majority of discordant samples in this study had plasma HIV-1 RNA levels that were unquantifiable on standard testing and would have been classified as successfully treated on plasma testing alone. No subject had plasma HIV-1 RNA above 400 copies/ml, the level associated with long-term virological failure [25] . CSF discordance, even at low levels, requires further investigation; the indications for performing lumbar puncture solely to measure CSF HIV-1 RNA, and strategies for managing those patients found to be discordant, remain an important topic for future research.
Conclusion
CSF/plasma HIV-1 RNA discordance is associated with a potentially damaging neuroinflammatory process. Patients with discordance at lower levels (ie. 0.5-1log 10 ) should also be investigated as mediator profiles were similar to those with discordance >1log 10 . Sensitive testing may have a role to determine whether ultrasensitive discordance is present in those with low level CSF escape. 
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